Rheology is commonly used as a tool for analytics and quality control in latex technology. As soon as flow becomes essential for the structure measured in a scattering experiment we call it scattering from shear-ordered dispersions or rheologic scattering. In this paper it is shown that the structure of concentrated dispersions can with advantage be studied by scattering experiments. Theoretical and experimental aspects as well as examples of small-angle synchrotron x-ray and neutron scattering from colloidal dispersions, presented in the paper, are closely related to rheology.
INTRODUCTION
Although scattering from shear-ordered dispersions is different from rheology [1, 2] these two techniques resemble each other. Beside many other applications rheology is also used as a tool for analytics and quality control in latex technology. In this paper the influence of flow on the scattering from latex dispersions will be considered. Usually scattering experiments are carried out with the sample at rest. As soon as flow becomes essential for the structure in a scattering experiment, we call it scattering from shearordered dispersions or rheologic scattering. It will be shown that the influence of flow on the structure of concentrated dispersions can be used in several ways:
1. Ordering the sample by flow, but keeping it at rest for the measurement. After a sufficiently long waiting time, the sample will often be crystalline. This technique allows to measure the stacking order at rest and the kinetics of crystal growth. 2. one can again start with a layered sample. This also allows to measure the structure and the stacking of layers through the viscoelastic transition under flow. Because rheology is commonly carried out under flow only the second structure, the layers, can be analyzed by rheology. Rheology seems to be sufficient for many applications. However, as one gets interested in structural details scattering experiments become obligatory. We under-
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Applied Rheology Volume 17 · Issue 1 stand scattering as an analytic tool for structures created by rheology. To understand scattering and the structure of dispersions some details on colloids are in place. In a well-known review article on scattering from dispersions Pusey [3] distinguishes mainly three types of colloids: 1. Charge-stabilized particles: These should be considered as the archetype of colloid particles. Many of the initial investigations on the structure of colloidal dispersions have been carried out with such spherical latex particles. Luck et al. [4] observed a crystalline, face centered cubic (fcc) structure by light scattering (LS), later a liquid-like structure was found by Pusey, Ottewill et al. [5] . Highly dilute systems were investigated by Clark, Ackerson et al. [6] by LS. Later, Ackerson, Clark et al. [7] studied more concentrated systems by small-angle neutron scattering (SANS). 2. Particles, sterically stabilized by specific coatings: Soon it turned out that LS spectra of charge-stabilized systems were disturbed by multiple scattering at higher concentration. It was tried to overcome this problem with core shell particles. Usually, however, satisfactory index matching by specific coatings is obtained only in a limited temperature interval. Also the particle-particle interaction may be changed due to the index matching. The influence of flow on the structure of index matched dispersions has received little attention so far. Therefore, these particles will not be discussed any further here. 3. Particles, destabilized by free polymer attraction: Due to the addition of free polymer there is an attractive interaction between particles of an otherwise stable dispersion [8] which is called depletion interaction [3, 8] . Also this interaction is not important here because the influence of flow on the structure of the dispersions has received little attention and therefore this interaction will not be discussed any further in the present article. Apparently the archetype of colloids, i.e. chargestabilized latex particles, remains very attractive to study the flow-induced structure at higher concentration. LS is of little help due to the mentioned multiple scattering and radiation of much higher penetration strength is required for such investigations. Help comes from biological and medical sciences, where since long non-transparent objects have been investigated with x-rays and neutron beams. Adequate techniques to study the structure of concentrated, non-transparent colloids are small-angle x-ray scattering (SAXS) and small-angle neutron scattering (SANS). With the proper cells these techniques can be used to investigate the scattering from non-transparent latex dispersions both at rest and under flowing conditions. As mentioned, this is in contrast to rheology where such experiments usually are carried out under flow.
An approved scattering method is based on sample rotation. In colloid science it was first applied in neutron scattering by Ackerson, Clark et al. with a Couette cell [7] . Next, with a shear disk cell SANS was used by our group at the ILL in Grenoble. Small-angle synchrotron x-ray studies (SAXS) of latex dispersions were performed later at the ESRF when these facilities became available in Grenoble. For latex dispersions synchrotron SAXS was first used by Vos et al. [9] , next, by our group, and then by Petukhov, Dolbnya and Lekkerkerker [10] . All these investigations were performed with different scattering cells by using sample rotation. In the present paper this is called the step by step scattering method because the direction perpendicular to the layers is intersected step by step by a rotation of the sample. This determines the coordinates of the Bragg reflections. If the scattering intensity is measured simultaneously, both the position and the intensity of a Bragg reflection are determined experimentally. This explains the step by step method.
A second, different and new method is called tangential scattering in the following. Now the scattering intensity is determined without sample rotation. A summary of the step by step and the tangential scattering method will be given in the theoretical section.
In order to characterize dispersions, both for rheology and for scattering, two directions are of interest: The direction of the flowing layer and the direction perpendicular to the layer (the stacking direction). Until now only for crystals at rest stacking experiments were available [7, 9, 10] . The crystals were grown in capillaries. A new technique uses flow to orient the structures. When applied in a Couette cell the proper orientation for tangential scattering occurs automatically. The complicated alignment of the crystallites, mentioned in [10] , becomes unnecessary. The orientation occurs by flow. This way not only the stacking at rest (crystals) but also the stacking under flow (fluids) can be investigated. Such information cannot be obtained by rheological investigations because the stacking of the layers to crystals has to develop at rest. One of the first who realized an experimental deficit was Laun. He and his colleagues tried to extend their rheological studies on latex dispersions to smallangle neutron scattering [11] . However, the stacking structure of flowing layers has only recently been investigated by synchrotron x-ray scattering [12] .
We want to point out that the transition from crystalline to a hexagonal layered state has been observed by neutron scattering [7] long ago. However, one advantage of synchrotron x-ray scattering is the superb beam focusing possibility which allows to distinguish even two twin rods of a fcc single crystal (see below). There are two directions of particular importance for flowinduced scattering: 1. The direction perpendicular to the flowing layers [7, 13] : This perpendicular beam direction allows to investigate the structure in flowing layers; also the viscoelastic properties can be studied with the beam perpendicular to the flowing layers. With a Couette cell this scattering contribution can be obtained at so called perpendicular incidence (beam perpendicular to the layer). 2. The stacking direction (not the beam but the intensity perpendicular to the layer, the l-direction,) turns out to be of great importance. It is this l-direction which has been underestimated for a long time in colloid science. With a Couette cell stacking can be studied at tangential incidence without sample rotation [12] . This will be shown in the experimental section.
THEORETICAL CONSIDERATIONS
Solid state physics concepts are very useful to describe the scattering from latex systems [14 -18] . Usually, in a x-ray or neutron scattering experiment the wave length l of the radiation of the scattering experiment is much smaller than any distance a between the colloid particles. Therefore the radius R* = 2p/l of the Ewald sphere is huge as compared with the reciprocal distance of the rods, a* = 2p/a. As in Figure 1 , the sphere can be approximated by planes.
Next, we consider Bragg scattering from a layered system. As usual in solid state physics Miller indices h, k, l are introduced [13] [14] [15] . The coordinate axes of the indices h and k are assumed to be in a layer of the layered sample, in which case the axis of l will be normal to the surface of the layers. Figure 2 presents a l = 0 cut through a hexagonal flow generated h, k layer. This layer is part of the reciprocal space. The h, k layer is filled with black and white points. The black points belong to the class hk = 3n where n is an integer. Perpendicular to these points in the l-direction true Bragg reflections occur at l = 0, ± 1, ± 2, etc. More complicated is the scattering behavior in the l-directions emerging from the white points. These directions belong to the class hk = 3n ± 1. As described by Guinier [16] and Cowley [17] perpendicular to these points in the ldirection the scattering intensity depends on the stacking structure of the dispersion. For l-directions from white points we have to distinguish three cases (see also Figure 3 ). 1. Isolated layers: In this case the scattering intensity along the l-direction (a Bragg rod) is constant. 2. ABCA, ACBA (fcc twins) and ABA (hcp) crystal stacking: Now all points (rods) are black.
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Volume 17 · Issue 1 direction during such a reorientation and thus gives the scattering coordinates along the ldirection (see Figure 5 ). If the scattering intensity is measured simultaneously this explains the step-by-step method. For a description of the second, the tangential method we refer to Figure 6 . For b = 90∞ the Ewald plane stands upright and slices for example the directions h, k = 1,-1 and -1,1 all the way along the l-coordinate. Thus, in small angle scattering one can obtain the scattering intensity along the l-coordinate without rotation of the sample.
The two examples of small-angle synchrotron x-ray scattering shown in Figure 7 under SAXS were determined by tangential scattering. By contrast, the two scattering experiments shown first in Figure 7 , the scattering intensity along l by light scattering (LS), and by small-angle neutron scattering (SANS) [7] , were determined using the conventional step by step (sample rotation) method. Only the two sets of x-ray data shown in Figure 7 under SAXS were determined by tangential scattering from a Couette cell without sample rotation.
EXPERIMENTAL EVIDENCE
At normal incidence (normal beam, Figure 4 ) all scattering shows a rather similar hexagonal h, k structure which is due to the distribution of the rods in the layers. In the previous chapter we also
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Applied Rheology Volume 17 · Issue 1 Depending on the crystal structure we have different scattering intensities along the ldirection (the Bragg rod). (a) For ABCA (fcc) stacking one has scattering intensity maxima on the rod h, k at l = 1/3 and on the twin rod h, -k the scattering intensity is at l = 2/3 (= -1/3 for fcc) or vice versa. (b) For ABA (hcp) stacking one has scattering intensity maxima on the rod h, k at l=1/2 and for the twin rod -h, -k also at l = 1/2. Thus the two crystal forms can be distinguished by the position of their scattering maxima (inhomogeneous scattering). 3. If there is a fast exchange of the layers, the scattering maxima for the rod and the twin rod occur again at l = 1/2 (homogeneous scattering). Although the energy levels of a fcc single crystal have been drawn on the lower side of Fig. 3 this may not always be observable. It will also depend on the lifetime of the levels l = 1/3 or 2/3(= -1/3 for fcc). Experimental examples will be presented in the experimental section. From perpendicular incidence, shown in Figure 4 , one obtains the reciprocal structure in a h, k layer. No information concerning stacking of the layers is possible from this experiment alone. For information on stacking the l-direction must be studied.
Two methods have been developed to study the l-direction. An old method uses crystal rotation. In colloid science this method has been called the step-by-step rotation method because the Ewald plane step by step intersects the l-have shown that this h, k scattering intensity does not help us to decide which stacking structure occurs. Only careful investigation of the scattering behavior along the l-direction (Figure 7 ) will lead to a better understanding of mesogenic materials. In this chapter a few experimental examples of rheological scattering will be given.
The first experiment shown in Figure 7 under LS was performed in our laboratory some time ago [19] . The top picture shows a single maximum at l = 1/2. It corresponds to the hex-or the rapid fcc exchange case of the previous chapter. The two experiments, below the just mentioned one, show the development of the fcc structure with time for a not too concentrated dispersion. At later times, as fcc occurs, the l-axis is divided into three parts. Details are unknown so far.
Next, neutron scattering results shown under SANS will be considered. There is one important neutron scattering experiment, mentioned in the previous chapter, which supports our transition hypothesis. The support comes from one of the first papers on neutron scattering from colloids. In Figure 7 we show SANS results redrawn after Ackerson et al. [7] . Closed black triangles indicate data obtained with the sample at rest in a Couette cell. Despite of the fact that experimental points are scarce two maxima close to l. 1/3 and 2/3 can be seen. Our l-scale is drawn below the figure. With the Couette cell in motion the open white squares were obtained. Obviously, in motion the ± 1/6 shift with respect to l = 1/2 is gone and a single maximum at l = 1/2 occurs. Under fcc twinning (inhomogeneous broadening) and fast exchange of the layers (homogeneous broadening) this is exactly the behavior predicted in the theoretical section.
Viscoelastic properties of dispersions can be investigated at perpendicular incidence. In Figure 8 an own neutron scattering comparison indicates [13] that both the Couette cell of the ILL research center and our home built rotating disk cell are suited for studies of the viscoelastic transition. In Figure 8 the viscoelastic transition is visible by the circular ring at the shear rate 2/s. Two examples of the l-dependence by smallangle synchrotron x-ray scattering are shown under SAXS in Figure 7 . They were determined by tangential scattering. The upper picture shows a fcc single crystal. Here the ± 1/6 splitting with respect to l = 1/2 of the fcc twin rods at h, k = 1,-1 and -h,-k = -1,1 with scattering maxima at l = 1/3 and 2/3 (= -1/3 for fcc) is clearly visible. In the next example, below the one discussed before, this splitting of the twin rods 1,-1 and -1,1 is close to zero due to the now faster exchange of the layers. For our charge-stabilized dispersion the faster exchange of the layers has been achieved by the addition of a small amount of electrolyte (KCl) [12] . Figure 9 shows a synchrotron SAXS investigation of the viscoelastic properties of a concentrated dispersion (30 vol%, s~ 100 nm) at perpendicular (beam) incidence. As compared with the neutron scattering results (Figure 8 ) a higher resolution is obtained. According to [13] the shear layered dispersion is twisted such that the Bragg peaks of the layers are bent to rings. In Figure 9 the radius of the rings nicely agrees with the distance of the Bragg peaks of a layer from the origin. Details are given in [13] .
As a further example we consider neutron scattering from films of colloid particles. In a film 11412-5 Applied Rheology Volume 17 · Issue 1 layers of particles are assumed to exist. The stacking in the film should be measurable by tangential scattering as described above. In Figure 10 the step-by-step neutron scattering result of film formation with latex particles of Joanicot, Lindner, and Cabane [20] is redrawn. Although the scattering is not perfectly tangential (tilted by 11∞), the black-white-white-black structure of the Bragg rods is clearly indicated. Further a splitting similar to the fcc intensity can be seen on the rods next to the central black l = 0,0 rod. The experiment deserves to be repeated and should also be carried out by synchrotron x-ray scattering.
Next, we consider Figure 11 which shows the radial and tangential x-ray scattering from a Couette cell filled with a concentrated (30 vol%) charge-stabilized latex dispersion of particle diameter s~ 100 nm. Although both types of scattering (radial and tangential) were collected Figure 11 under similar conditions, it is important to note that the radial scattering (picture on the right hand side) and the tangential scattering (pictures on the left hand side) are vastly different. From this behavior we must conclude that such a concentrated dispersion is not isotropic. This is also different from ordinary liquids for which the result of a scattering experiment should not depend on the orientation of the sample.
Because highly dilute dispersions have been found to be liquid-like and isotropic [3] the property of being anisotropic seems to be related to the concentration of the dispersion. The behavior resembles the one of liquid crystals [21] . For example liquid crystals show an anisotropy already at rest. They order spontaneously. By contrast, for cubic colloidal crystals shear ordering appears to be necessary for the anisotropy to be visible. At present it is unknown at which con-centration such a system becomes anisotropic. Also the magnitude of the necessary shear is unknown.
DISCUSSION AND SUMMARY
Many of the structural properties of a charge-stabilized dispersion are commonly investigated by rheology. As the present paper shows structural properties should also be studied by scattering experiments. The fact that concentrated dispersions are not transparent can be overcome by scattering experiments with more penetrable radiation than light. Of particular value for concentrated dispersions are small-angle neutron and small-angle synchrotron x-ray scattering experiments.
At perpendicular incidence (radial for the Couette cell) under flow the structure in the flow
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Figure 11 (below): Synchrotron x-ray scattering (SAXS) on the anisotropy of a concentrated dispersion.
generated h, k layers can be measured. At this perpendicular beam incidence also the viscoelastic properties of a dispersion can be investigated. The viscoelasticity is visible in a limited range of shear rates and can be identified by rings in the scattering intensity [13] . In this paper we have shown that measurement of the Miller index l-dependence of the scattering intensity along several h, k rods provides very interesting information on the stacking of layers which to a certain degree is complementary to the information obtained from rheology.
There are two methods to study the stacking of layers by scattering: An old one which consists of sample rotation defines the rotation or step-by-step method. A more recent small-angle method, tangential scattering [12] , works without sample rotation.
A summary of our findings by synchrotron x-ray scattering from a fcc single crystal is given in Figure 12 . The x*, y* layer is drawn darker and perpendicular to the black (3,-3; 0,0; -3,3) and grey (2,-2; 1,-1; -1,1; -2,2) Bragg rods. The experimental tangential synchrotron x-ray scattering intensity of a fcc single crystal is shown in the background. The intensity in the l-direction (the direction of the rods) shows a clean l = 1/3, l = 2/3 (= -1/3) dependence on the twin rods 1,-1 = 1, 1 and -1,1 = 1,1. In general the intensity along the rods depends on the stacking structure of the layers and on the kinetics of the layer exchange which are not investigated in detail at present.
